A liquid chromatography--electrospray ionization-mass spectrometry (LC-ESI-MS) method coupled with a columnswitching technique was developed for the determination of tetrodotoxin (TTX) in serum. An on-column, column-switching technique was employed to analyze TTX without prelreatment of the serum. The combination of a multimode column with reversed phases and cation exchange for TTX provided successful separation and MS determination in the ESI-positive mode. A 100-pL serum sample was injected directly into a precolumn. For TTX monitored at m/z 320.1 in the selective ion monitoring mode, the calibration curve was linear within the range 0.1-100 ng/mL, and the limit of detection was 0.5 ng/mt. Recoveries were around 90% for TTX. The present method allows successful analysis of TTX in serum. In conclusion, this new method is simple, accurate, and useful for the determination of TTX and should be of benefit to both forensic and clinical toxicology. product of TTX. Also, the derivatization procedures are tedious, and the reproducibility is poor. HPLC can be used for analysis of nonvolatile compounds because derivatization is not required. However, there are some difficulties in optimizing the chromatographic elution if an octadecyl silica (ODS) column is used. The methods reported previously have not been suitable for determining low concentrations of TTX in biological sampies.
Introduction
Because tetrodotoxin (TTX) is very difficult to analyze using gas chromatography-mass spectrometry (GC-MS) due to its nonvolatile nature (1, 2) , an alternative rapid and sensitive method for analysis is required. Some investigators have tried to determine TTX in the tissues of puffer fish or in autopsy specimens using immunoassay (3), spectrofluorometry (4), GC (5), GC-MS (6), or high-performance liquid chromatography (HPLC) (7) . The mouse bioassay has been the official method for TTX determination and confirmation in cases of poisoning, but it has low sensitivity and low accuracy (8) . Immunoassay is the most sensitive technique, but there are some problems with its specificity. GC and GC-MS require a large amount of sample for purification of the Cg-base, which is the degradation 9 Author to whom correspondence should be addressed: Makiko Hayashida, Department of Legal Medicine. Nippon Medical School, 1-1-5 Sendagi, Bunkyo-ku, Tokyo 1 | 3-8602, Japan. E-mail: mh@nms,ac,jp,
Experimental

Materials and reagents
All reagents were of analytical or HPLC grade. TTX was purchased from Wako Pure Chemical Industries (Osaka, Japan). A standard solution of TTX was dissolved in 0.1% (v/v) acetic acid. Figure 1 shows the chemical structures of TTX.
Apparatus
LC-MS was performed on an apparatus from Agilent Technologies (1100 series, Palo Alto, CA) equipped with a mass selective detector (G1496A), autosampler (G1313), vacuum degasser (G1332A), binary pump (G1312), isocratic pump (G1310), and temperature-controlled column compartment with a six-port column-switching valve (G 1316A). The analysis was done using electrospray ionization in the positive ion mode. Quantitation was carried out by selected ion monitoring (SIM). The drying gas (nitrogen) temperature was set at 320~ the drying gas flow at 12 L/min, the nebulizer pressure at 60 psi, and Vcap at 3500 V.
Switching system
A schematic representation of the column-switching LC-ESI-MS technique is given in Figure 2 . The extraction column employed was a Shodex MSpak CX-4A (custom-made, multimode pretreatment column with reversed phases and cation exchange capacity, 10 x 4.0-mm i.d., Showa Denko, Tokyo, Japan). The mobile phase used for both introducing samples to the trap column and washing out the serum matrices was distilled water. The flow rate was set at 0.5 mL/min, and the column compartment was maintained at 40~ The analytical column was a Shodex RSpak NN-414 (multimode column with reversed phases and cation exchange, 150 x 4.6-ram i.d., Showa Denko). The isocratic mobile phase was 90% (v/v) 20raM ammonium acetate at pH 6.8 and 10% (v/v) acetonitrile at a flow rate of 0.2 mL/min.
Animal experiments
Male mice of the Institute of Cancer Research (ICR) strain (age, 5 weeks; weight, approximately 30 g; Nippon Bio-Supp. Center, Tokyo, Japan) were used for the animal experiments, which were conducted according to the guidelines of the Ethical Committee on Animal Experimentation of the Nippon Medical School (Tokyo, Japan). TTX was dissolved in 0.1M acetate Figure 1 . Structure of tetrodotoxin. buffer (pH 5.0) and injected into the mice intraperitoneally at a dose of 10 IJg/kg. The mice were killed by cervical dislocation at 5, 15, 30, 45, and 60 min after the injection (n = 3); blood samples were collected from the hearts and centrifuged for 5 min at 3000 rpm. One of 16 mice used in the experiment was killed at 60 rain, and serum from the dead mouse was excluded for examination. The supernatants from the three mice in each group were used at each experimental time. All samples were stored at -80~ until analysis. 
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Specimens
Drug-flee serum samples were collected from male mice of the ICR strain injected intraperitoneally with physiological saline at the same volume as that used for the TTX injections. Serum samples (1 mL) were spiked with TTX at the desired concentrations. After filtration through a 0.45-]Jm membrane filter (Ekicrodisc 13CR, poly(tetrafluoroethylene), Gelman Laboratories, Tokyo, Japan), a 100-pL aliquot was injected automatically into the instrument used for TTX analysis.
Results
LC-ESI-MS analysis of TTX
The fragmentor voltage was investigated from 50 to 250 V, using the flow injection method. Using the intensity of the chromatogram monitored at m/z 320.1, the protonated molec- (Figure 3). [M+H] § was observed as the base peak for TTX. With the switching system, the trapping column retained the analytes, and the interfering serum matrix was eluted to waste during the first 5 rain. After switching of the valve at 5 rain, the enriched analytes were transferred onto the analytical column. TTX was eluted at 18.6 rain, which was observed to be the [M+H] § ion at m/z 320.1.
No interference peaks from the serum matrix were observed at the retention times of TTX. A chromatogram of MilliQ water (Milli-RO5/Milli-Q SP OTOC, Nihon Millipore, Tokyo, Japan), obtained just after the injection of the serum sample, is shown in Figure 4 .
For TTX monitored at m/z 320.1 in the SIM mode, the calibration curve was linear within the range 0.1-100 ng/mL, as shown in Figure 5 . Excellent linearity was also obtained, with a correlation coefficient of 0.99 at concentrations below 1 ng/mL. The limit of detection (LOD) was estimated to be 0.5 ng/mL at a signal-to-noise ratio of between 3 and 5 for TTX, as shown in Figure 6 . The recovery of TTX was determined by comparing the peak areas of the spiked serum samples with those in standard solutions injected directly onto the column at 1, 10, and 50 ng/mL. As shown in Table I , the method gives acceptable values for recoveries. The recovery estimates from a 100-pL injection of serum samples were 125%, 95.8%, and 98.5%. Within-day reproducibility was evaluated by replicate analysis (n = 3) of the spiked samples at three different concentrations. The coefficients of variation (CV) obtained are also shown in Table I . Quality-control samples, which were spiked with 10 or 50 ng of TTX into the serum, were analyzed every twenty measurements.
Determination of TTX in serum from mice treated with TTX
LC-ESI-MS using the column-switching technique was performed on serum samples from ICR mice injected intraperitoneally with TTX at a dose of 10 IJg/kg. The serum concentrations were 0.9 ng/mL at 5 min, 0.8 ng/mL at 15 min, 2.4 ng/mL at 30 min, 1.4 ng/mL at 45 rain, and 0.7 ng/mL at 60 rain.
Discussion
The LD~o values for TTX injected intraperitoneally into mice are reported to be 10 IJg/kg body weight. TTX is nonvolatile and polar and labile in aqueous solution. Therefore, the detection of low concentrations of TTX in biological samples seems to be difficult. Moriya et al. reported a GC-MS method for the detection of TTX using trimethylsilyl derivatization of the C9 base and found the LOD to be as low as 10 ng/g (14) . In this study, instead of adopting the GC-MS method, which involves tedious extraction and derivatization procedures, we developed an LC-ESI-MS method. Column-switching techniques have been used in the analysis of drugs and other chemicals for cleanup, deproteinization, and concentration pretreatment. With the ODS column, which has been widely used in this technique, the chromatographic conditions could not be optimized for elution of TTX. In this study, we successfully used a multimode column with reversed phases and cation exchange capacity for extraction and analysis to determine TTX in serum from mice injected with TTX.
This study was performed without the use of an internal standard. The compound labeled stable isotope cannot be found, for which the chemical property is similar to TTX in chromatographic behaviors. In the present method, an internal standard was not necessarily applied because the process of sample pretreatment was not required. However, the use of an internal standard will allow more accurate measurement of concentration in various tissues to facilitate the study of the pharmacodynamics of TTX.
Conclusions
The present method allows successful analysis of TTX, which is a nonvolatile polar compound, without the need for serum pretreatment. Satisfactory validation data were obtained for linearity, precision, and recovery. Improvement of the LOD will enable us to measure low levels of TTX in biological specimens for forensic toxicology. Furthermore, the use of a columnswitching technique allows safer handling of infectious biological samples by fully automated online analysis. This new method is simple, accurate, and useful for the determination of TTX and should be of benefit for both forensic and clinical toxicology.
